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Measurements of the intercombination and
forbidden lines from the spectra of helium-like
ions in tokamaks and electron beam ion traps!

M. Bitter, K.W. Hill, S. von Goeler, W. Stodiek, P. Beiersdorfer, J.E. Rice, and
A. Ince-Cushman

Abstract: The paper reviews the results from tokamak experiments and measurements on electron beam ion traps for the
line ratios x/w, y/w, and z/w in the spectra of helium-like ions with Z in the range from 14 to 28. With the exception

of the DITE experiments, where these line ratios were found to be in agreement with theoretical predictions, all other
tokamak experiments yielded values that were significantly greater than predicted. The reasons for these discrepancies

are not yet understood. It is possible that radial profile effects were not properly taken into account in the majority

of the tokamak experiments. The paper also gives a short historical review of the X-ray diagnostic developments and
presents very recent data from a new type of X-ray imaging crystal spectrometer, which records spatially resolved spectra
with a spatial resolution of about 1 cm in the plasma. These new data can be Abel inverted, so that it will be possible

to determine line ratios at each radial position in the plasma. Effects of radial profiles, which may have affected the
chord-integrated measurements of the past, will thus be eliminated in the future.

PACS Nos.: 52.55.Fa, 32.30.Rj

Résumé : Nous passons en revue des expérience avec tokamak et des mesures avec des pi¢ges ioniques a faisceau

d’électrons pour déterminer les rapports de raies x/w, y/w et z/w dans les spectres d’ions de type He pour Z allant de 14
a 28. Avec I’exception de I’expérience DITE, ol on a trouvé des rapports de raies en accord avec les calculs théoriques,
toutes les autres mesures sur tokamak ont donné des valeurs de rapport nettement plus élevées. Nous ne comprenons pas

encore ces désaccords. Il est possible que les effets du profil radial n’aient pas été correctement tenus en compte dans

la majorité des mesures sur tokamak. Nous offrons une courte revue historique du développement des diagnostiques par
rayons-X et présentons des données tres récentes sur un nouveau type de spectrometre X a cristal & imagerie qui peut
enregistrer des spectres avec une résolution spatiale de 1 cm dans le plasma. Par transformation inverse d’Abel, ces
nouvelles données permettront de déterminer les rapports de raies a chaque position radiale dans le plasma. Des effets du
profil radial, qui ont pu affecter des mesures intégrées dans le passé, seront ainsi éliminées.

[Traduit par la Rédaction]

1. Introduction

The main diagnostic applications of the X-ray spectroscopy
of tokamak plasmas, which has by now been pursued for about
three decades, are measurements of the ion temperature and
plasma rotation velocity from the Doppler width and Doppler
shift of X-ray lines with high-resolution crystal spectrometers.
These measurements are usually performed using the line ra-
diation of helium-like ions from elements with atomic number
Z in the range from 18 to 36, which are either present in the
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plasma as intrinsic impurities or added in small amounts for di-
agnostic purposes. The spectra of helium-like ions are preferred
for diagnostic applications since this ion charge state can exist
over a wide range of electron temperatures. Tokamak experi-
ments have thus accumulated a wealth of data on the spectra
from helium-like ions over the last 30 years.

Very important for the interpretation of the spectra from toka-
mak plasmas was the collaboration with atomic physicists, who
provided theoretical data on wavelengths and excitation pro-
cesses and who performed necessary additional experimental
studies on electron beam ion traps. Such collaborations will be
even more needed for the experiments on ITER, where plas-
mas with central electron and central ion temperatures above
10 keV must be diagnosed. A foretaste of what is to be ex-
pected from ITER was obtained from the high-power heating
plasma experiments on JET and TFTR, where plasmas with
ion temperatures of >20 keV were produced by intense auxil-
iary neutral-beam and RF heating. Under these conditions, the
Doppler broadening was so large that the spectral features were
blended with each other and reliable measurements of the ion
and electron temperature from the observed spectral data could
only be made by least-squares fit comparisons with synthetic
spectra, which were constructed from theoretical predictions.
Such theoretical predictions must be very accurate with respect
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to the wavelengths and contributions from relevant excitation
processes, and they must include all the spectral lines.

With respect to the data on the spectra of helium-like ions
from tokamak experiments, we can now say that the predic-
tions for the numerous dielectronic satellites, which are asso-
ciated with the helium-like resonance line, and the innershell
excited lithium- and beryllium-like satellites are in excellent
agreement with the experimental data, but that the ratios of the
helium-like intercombination and the forbidden lines with re-
spect to the resonance line are generally found to be larger than
predicted. The reason for these discrepancies between theory
and experiment, which were found in most tokamak measure-
ments, are not yet understood, but they may have been caused
by profile effects, which were not properly taken into account
in the analysis of the chord-integrated spectral data.

Fortunately, there are new instrumental developments under-
way, which will make it possible to record spectra from many
sightlines through the plasma simultaneously with a spatial res-
olution of about 1 cm in the plasma. The spectral data obtained
with these instruments can be Abel inverted, so that line widths,
line shifts, and line ratios can be determined locally at each point
along a plasma radius, and profile effects, which may have af-
fected the X-ray measurements on tokamak plasma in the past,
can be eliminated. The progress in the diagnosis of tokamak
plasmas will therefore also depend on these new instrumental
developments.

The paper is organized as follows: Sect 2 presents a brief
historical review of instrumental developments for the X-ray
diagnosis of tokamak plasmas to illustrate how diagnostic chal-
lenges were overcome by new instrumentation and advances in
atomic physics. Sections 3, 4, and 5 are devoted to a review and
discussion of the data on the helium-like line ratios from toka-
maks and electron beam ion traps. Section 6 will present the
first spatially resolved spectra of helium-like ArXVII, which
were recently obtained on Alcator C-Mod with a new type of
X-ray imaging crystal spectrometer. This new spectrometer is
also a prototype for the X-ray crystal spectrometers on ITER.

2. Historical notes

The development of instrumentation for the X-ray diagno-
sis of tokamak plasmas has been actively pursued since the
early 1970s, when the pioneering T3 tokamak experiments at
the Kurchatov Institute in Moscow demonstrated that plasmas
with core electron temperatures of 1 keV could be produced
and confined for several milliseconds [1]. Within a short time
after the publication of these results, the tokamak concept was
worldwide accepted as the most promising experimental de-
vice in magnetic confinement nuclear fusion energy research,
and soon even higher electron temperatures were achieved so
that the X-ray emission from tokamak plasmas became a more
and more prominent feature, which was increasingly used for
the diagnosis of the hot core of the plasma. Pioneers in the de-
velopment of new instrumentation were W. Stodiek and S. von
Goeler in Princeton, who invented many of the X-ray diagnostic
systems that are now standard equipment for tokamak exper-
iments. The history of this instrumental development is quite
interesting, since it followed a very logical path and was driven
by questions, which are still important today.

One of the first X-ray diagnostic systems was the X-ray pulse-
height analysis system [2]. It was designed for measurements
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Fig. 1. A typical X-ray spectrum from the ST tokamak, exhibiting
a thermal continuum, impurity K and L lines of limiter and

wall material (molybdenum, iron, chromium, and nickel), and a
high-energy tail produced by runaway electrons. The spectrum
was measured with the lithium-drifted silicon detector of a
pulse-height analysis system, which is shown in the insert, using
a set of apertures and Be- and Al-filters to select energy range
and photon flux.
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of the energy distribution of the X-ray emission from the ST
tokamak with the primary goals to develop an independent di-
agnostic for the core electron temperature and to obtain infor-
mation on runaway electrons, since there was a concern that
the electron energy distribution in tokamak plasmas might not
be thermal. This concern was also shared by W. Stodiek and S.
von Goeler, who were skeptical about the results from the T3
experiments. The spectra obtained with the pulse-height analy-
sis system from the ST plasmas (Fig. 1) were indeed revealing.
They consisted of two distinctive parts: a ‘thermal’ continuum
at photon energies <10 keV with an exponential dependence
on photon energy and a high-energy tail at photon energies
above 10 keV, which had to be attributed to the presence of run-
away electrons. Superimposed on the thermal continuum were
peaks that were ascribed to the K- and L-shell line radiations
from metal impurities. The values for the electron temperature,
which were derived from the slope of the thermal continuum,
were in good agreement with the results from laser scattering,
so that as intended, the pulse-height analysis system could be
used as an alternative diagnostic to Thomson scattering for the
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core electron temperature. However, the detailed analysis of the
X-ray spectra was complex due to the fact that the absolute in-
tensity of the thermal continuum was higher by factors of 5 to
100 than what was expected for a pure hydrogen plasma, if one
considered only the contributions from the free—free hydrogenic
bremsstrahlung and free-bound recombination radiation. These
discrepancies between the observed and predicted continuum
intensities and the presence of impurity lines in the observed
spectra indicated that impurities played an essential role and that
a full description of the observed radiation required knowledge
of the impurity ion charge-state distributions and a distinction
between the contributions from low-Z and high-Z elements. The
presence of high-Z impurities complicated the analysis substan-
tially, since one had to deal with ions from different elements
and since the recombination radiation depends sensitively on
the charge state of the ion, which in turn is determined by the
rates of ionization and — dielectronic and radiative — recom-
bination and the effects of finite confinement due to the fact that
the transport of ions between hot and cold regions of the plasma
leads to deviations from the local coronal equilibrium. The rate
coefficients for the various processes were not well known at
the time of the ST experiments, and there was also a debate
about whether dielectronic recombination would be important
in tokamak plasmas. Many thought that this process, which re-
quires the resonant capture of an electron into an excited state of
the recombining ion and a subsequent stabilizing radiative tran-
sition, was too ‘esoteric’ to play any role in tokamak plasmas,
and it was therefore generally ignored. It is thus noteworthy that
the question about the importance of dielectronic recombina-
tion had already been raised much earlier, in a letter of 1961 by
A. Unsold to MLJ. Seaton (see ref. 3). In his letter, Unsold noted
that his efforts to explain the ionization equilibrium of the solar
corona had ended in a ‘dilemma’; he wondered whether impor-
tant processes of recombination had been overlooked and asked
Seaton for a theoretical estimate of the contributions from di-
electronic recombination. The article by Seaton and Storey [3]
is a thorough review of the theoretical work on dielectronic re-
combination during the period from 1939 until 1976, with a
discussion of important contributions by Bates, Burgess, Bely,
Bhalla, Dubau, Gabriel, and others. However, accurate predic-
tions about the contributions from dielectronic recombination
to the ionization equilibrium and X-ray spectra from tokamak
plasmas were only emerging at the time of the ST experiments.

To address the questions raised by the pulse-height analysis
data, it was necessary to focus attention on the line radiation
from impurities and to design new high-resolution instruments
that were able to resolve the X-ray line spectra from different
ion charge states. These requirements led to the development
and use of X-ray crystal spectrometers for the diagnosis of toka-
mak plasmas. Results from the first crude measurements of the
Ka-line spectra of iron with a X-ray crystal spectrometer on ST
were reported in ref. 4. The experimental data were compared
with synthetic spectra constructed from theoretical data by A.L.
Merts and R.D. Cowan, which also included predictions about
the contributions from dielectronic recombination to the spectra
from different ion charge states (see Fig. 2). These data permit-
ted only a qualitative comparison with the theoretical predic-
tions because of the fact that they had been accumulated from
several ST discharges with varying electron temperatures. But
even this qualitative comparison showed that the contributions
from dielectronic recombination were significant. After these
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Fig. 2. Ka-line structure of iron: (a) spectrum measured on ST
at a central electron temperature of 1200 eV, (b) computations of
the Ka-line structure by Cowan, including the contributions from
direct excitation and dielectronic recombination.
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preliminary results, the iron line radiation was more thoroughly
investigated on the PLT tokamak with a much improved X-ray
curved crystal spectrometer with the stated goal ‘to experimen-
tally verify the validity and accuracy of theoretical predictions
based on coronal equilibrium and test their applicability to toka-
mak plasmas’ [5]. The new spectrometer consisted of a cylindri-
cally bent 6 in x 1.5 in (1 in = 2.54 cm) 220-germanium crystal
with a radius of curvature of 2.42 m and a position-sensitive
multi-wire proportional counter in the Johann configuration [6]
(see Fig. 3). The Johann configuration made it possible to ob-
serve the features from all the ion charge states simultaneously,
since the instrument covered a sufficiently large spectral range.
This was a significant improvement with regard to the situa-
tion on ST, where a flat crystal spectrometer had been used and
where the positions of crystal and detector had to be adjusted
between plasma discharges to access a different wavelength
range. The new instrument had a spectral resolution of 4 eV at
6400 eV, which was more than sufficient to resolve the radiation
from different iron charge states, since the energy of the 1s-2p
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Fig. 3. Schematic of the Johann X-ray crystal spectrometer on the
PLT tokamak consisting of a cylindrically bent Ge (220) crystal
and a position-sensitive multi-wire proportional counter.
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transition increases by about 40 eV for each L-shell electron
removed between charge states from Fe!”* to Fe?**. More-
over, because of the fact that it was equipped with a multi-wire
proportional counter, it was possible to obtain time-resolved
spectra from a single tokamak discharge. Spectra from several
hundred PLT discharges with central electron temperatures in
the range from 800 to 1500 eV were analyzed by comparing the
data with the theoretical predictions by Merts and Cowan (see
Fig. 4). Based on this analysis it was concluded that coronal
equilibrium was satisfied in the central region of the plasma,
within an uncertainty factor of 2, associated with the ionization
cross-sections used in the computations.

An entirely new challenge for the PLT experiments was the
measurement of the ion temperature in the hot core of the
plasma, since the plasma diameter on PLT was much larger than
on ST. The standard techniques of the time for ion-temperature
measurements, the so-called ‘passive’ neutral-charge-exchange
diagnostic and Doppler broadening measurements of the VUV
line radiation, became problematic with increasing plasma di-
ameter and electron temperature. The passive neutral-charge-
exchange diagnostic, which is based on a measurement of the
energy distribution of hydrogen atoms escaping from the plasma,
cannot be used for the diagnosis of the central ion temperature
if the mean free path for neutral charge exchange is smaller
than the diameter of the plasma, and the VUV line radiation
was primarily emitted from the edge of the plasma at higher
central electron temperatures. On the other hand, as the elec-
tron temperature in the core of tokamak plasmas increased, a
larger fraction of the electromagnetic radiation was emitted in
the X-ray region. It was therefore examined whether the central
ion temperature could be determined from Doppler broaden-
ing measurements of X-ray lines. The experiments by Hill et
al. [5] had shown that the 1s-2p resonance line of helium-like
iron (Fe XXV) at 1.85 A was a prominent spectral feature for
central electron temperatures above 1.2 keV. Since this line was
also well separated from other spectral features, it seemed to
be appropriate for Doppler broadening measurements. To per-
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Fig. 4. Line profiles of the Fe XXV 1s? (!S)-1s2p ('Py)
resonance line (a) before and (), (¢) during neutral beam
injection, in time intervals of 50 ms (conversion: 0.18 eV/channel)
and ion-temperature derived from the Doppler broadening of these
line profiles as a function of time.
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form such measurements, the spectral resolution of the spec-
trometer was increased to AAA = 15000 by replacing the
220-germanium crystal with a 2243-quartz crystal, which had a
radius of curvature of 3.33 m. As the proof-of-principle experi-
ment on PLT were successful, the crystal spectrometer became
an important diagnostic for the central ion temperature, and it
provided crucial data on the central ion temperature during the
first neutral-beam heating experiments on PLT, which produced
plasmas with core ion temperatures of 4 keV [7].

It was a fortunate coincidence that at the time of these PLT
experiments detailed theoretical calculations for the spectra of
helium-like ions became also available. Gabriel [8] and Ba-
halla et al. [9] published data on the n = 2transitions for the
main helium-like lines and the associated dielectronic and in-
nershell excited satellites for anumber of ions, which are impor-
tant for the study of solar flares, and Vainsthein and Safronova
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Fig. 5. Dielectronic satellite spectrum of Fe XXV recorded
from PLT for central electron temperatures of (a) 1.65 keV

and (b) 2.30 keV (conversion: 0.18 eV/channel). The lines have
been identified, using the notation of ref. 8. The continuous
curves represent least-squares fits of Voigt functions to the most
prominent peaks.
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[10] published such data for helium- and hydrogen-like ions
in the isoelectronic sequences from Z = 4 to Z = 34. Even
more elaborate calculations [11-13] for the satellite spectra of
helium-like iron (Fe XXV) were performed in preparation for
the solar flares observations with the Solar Maximum Mission
Satellite in 1980. These latter calculations yielded theoretical
data for the dielectronic satellite transitions 1s2pnl-1s2nl with
n=3 to 6 and additional excitation processes for the helium-like
lines, which also included, besides direct electron impact ex-
citation from the ground state, the electron impact excitation
to higher-n levels and the population of the n = 2 states by
cascading, and the excitation by innershell ionization. Since
a high-resolution crystal spectrometer for Doppler broadening
measurements of the Fe XXV resonance line was already in
place on PLT, it was only natural to use this instrument for an
experimental verification of these new theoretical predictions. A
dedicated experiment was performed in December 1978, where
the satellite spectra of the Fe XXV resonance line were recorded
from a series of PLT discharges with different central electron
temperatures. Figures 5 and 6 show the results that were ob-
tained from this experiment, and Table 1 explains the observed
spectral features. Except for the helium-like line ratio, x/w, y/w,
and z/w, which were higher than predicted, the observed spec-
tra were found to be in excellent agreement with the theoretical
predictions. The comparison between experimental data and
theoretical predictions thus demonstrated that the line ratios of
the dielectronic and innershell excited satellites with respect to
the helium-like resonance line could be used for the diagnosis
of the central electron temperature and measurements of the
ionization equilibrium [18].

X-ray crystal spectrometers are now standard diagnostic equip-
ment for tokamak experiments, so that a wealth of atomic data
on the spectra of hydrogen-, helium-, and neon-like ions [19]
has been obtained from tokamak plasmas over the last three
decades. Reviews of the results and diagnostic systems from
various tokamak experiments are given in refs. 20-22.

We conclude this section with a brief description of the X-
ray crystal spectrometers on JET and TFTR, since the technical
problems that had to be overcome on these devices and the
spectral data that were obtained from these high-power plasma
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Fig. 6. Observed and predicted line ratios with respect to the
resonance line w as a function of the electron temperature (Te)
for (a) dielectronic satellite j; (b) intercombination (x, y) and
forbidden (z) lines. The broken lines were only drawn to aid the
eye. The theoretical predictions for Te = 2.7 keV are: x/w = 0.35,
y/w = 0.25, z/w = 0.41; (¢, d) innershell excited lithium- and
beryllium-like satellites q and B. The continuous lines (1) and (2)
represent theoretical predictions for coronal equilibrium by ref. 14
and ref. 15, respectively. Deviations from coronal equilibrium are
expected in tokamak plasmas as a result of ion transport.
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Table 1. Experimental wavelengths and theoretical
wavelengths for spectral features shown in Fig. 5.

Transition Aexpt A Apeor (A)
w 152(1Sp)-1s2p(‘P9) 1.8500 1.8500¢
1.84992°
x  152('Sp)-1s2p(C1PY) 1.8552 1.8551¢
1.85519°
t 1522s(2S1/2)-1s2p ZS(ZP?/Z) 1.8567 1.8570
y  152(!Sp)-1s2p(P9) 1.8592 1.8591¢
1.85947"
q 1322s(281/2)-132p 2s(2P§/2) 1.8608 1.8604¢
a 1522p(2P3/2?0)-152p 2(2P3/2) 1.8618 1.8618¢
k 1522p(2P‘1’/2)—152p 2(2D3/2) 1.8632 1.8631¢
y 15225(251/2)-152p 2s(2P‘1’/2) 1.8635¢
j 1522p(ZS§’/2)—152p 2(2D5/2) 1.8657 1.8657¢
z 152(*Sp)-1s2s (°S1) 1.8681 1.8677¢
1.86801”
B 1s22s2(1Sy)-1s2s 22p('Py) 1.8705 1.8710¢
dRef. 8.
bRef. 16.
CRef. 17.
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heating experiments give a foretaste of what is to be expected
from ITER. Since the tokamak fusion test reactor (TFTR) and
joint european torus (JET) were designed for DT experiments
and a demonstration of fusion breakeven, the plasma diagnos-
tic systems had to operate in an environment of intense neutron
and gamma radiation. The instrumentation for measurements
of the ion temperature and plasma rotation on TFTR consisted
of a massively shielded Johann type X-ray crystal spectrometer
in the TFTR test cell with a central line of sight in the horizontal
mid-plane of TFTR [23] and an array of up to five Johann X-
ray crystal spectrometers with near-vertical sightlines for profile
measurements of the ion temperature [24, 25]. The latter instru-
ments were located in the TFTR basement, which was shielded
by a 1.83 m thick concrete ceiling, so that the background of
neutron and gamma radiation in the basement was smaller by
three orders of magnitude than in the TFTR Test Cell. Addi-
tional shielding of the detectors was provided by 20 cm thick
walls of lead and borated polyethylene, which surrounded the
detectors. The dimensions of these spectrometers were large as
the radii of curvature of the cylindrically bent crystals varied
between 10 and 12 m. A Johann spectrometer of even larger
dimensions, using a quartz crystal with a radius of curvature
of 25 m and a Bragg angle of 50.75°, was built for JET by the
ENEA Laboratories in Frascati [26]. The layout of this instru-
ment was such that the crystal and detector could be positioned
outside the biological shield, a 3 m thick concrete wall sepa-
rating the torus hall from the diagnostic hall. The sightline of
this spectrometer passed through the horizontal mid-plane of
JET and included an angle of 35° with a major radius of the
torus at the magnetic axis, so that a large fraction of 57% of the
central toroidal plasma rotation velocity could be observed as
a Doppler shift. Because of its large dimensions, the dispersion
and spectral resolution (A AL = 20 000) of the instrument were
very high, so that only a small spectral range, which included
the resonance line of helium-like nickel at 1.59 A and associated
dielectronic satellites in the immediate neighborhood, could be
observed.

The parameters of the JET and TFTR experiments, with
plasma currents of >2 MA and auxiliary heating of up to 45 MW
by neutral beam injection and up to 12 MW by radio-frequency
ion-cyclotron resonance heating, in addition to Ohmic heating,
exceeded by far those of previous tokamak experiments. Hence,
the ion and electron temperatures, which were in the range from
1-3 keV and 3-6 keV in plasmas with purely Ohmic heat-
ing, reached values of 30 and 10 keV, respectively, in plasmas
with intense auxiliary heating. For ion temperatures >20 keV,
Doppler broadening was so large that the spectral features were
blended with each other and that the measurement of the ion
temperature became complicated. Figures 7-9 show, for exam-
ple, the time history of the central ion temperature from a TFTR
plasma with auxiliary neutral-beam heating of 20 MW from 3.0
to 4.0 s and the satellite spectra of the 1s>-1s2p resonance line
of Fe XXV, which were recorded during the periods from 2.5
to 3.0 s and 3.5 to 4.0 s, respectively. The spectrum in Fig. 8,
which was taken during the Ohmic heating phase, shows 10 well
resolved features, whereas the spectrum in Fig. 9, which was
taken during the phase of intense neutral beam heating, seems
to consist of only four wide humps, so that, at first sight, an
ion-temperature measurement appeared to be impossible. The
information contained in this spectrum could only be brought
out by a least-squares fit comparison of the experimental data
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Fig. 7. Central ion temperature from Doppler measurements of
the Fe XXV resonance line w as a function of time from a TFTR
plasma with 1 MW of Ohmic heating and 20 MW of auxiliary
heating by neutral beam injection during the time interval from
3.0 to 4.0 s.
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Fig. 8. Satellite spectrum of Fe XXV. The experimental data
(circles) were recorded from the same discharge as in Fig. 7
during the period of Ohmic heating from 2.5 to 3.0 s. Also
shown is a synthetic spectrum with its various components
(continuous lines), which was constructed from a least-squares
fit of theoretical predictions [Bely—Dubau and Vainshtein] to the
experimental data.
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with a synthetic spectrum constructed from detailed theoretical
predictions for all the spectral components, considering the ion
and electron temperatures, the position and intensity of the 1s>-
1s2p resonance line, and the relative abundance of the lithium-
like and helium-like charge states, Fe XXIV and Fe XXV, as
variable parameters [27].
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Fig. 9. Satellite spectrum of Fe XXV recorded from the same
discharge as in Fig. 7 during the period of neutral-beam injection
from 3.5 to 4.0 s. The continuous lines represent the least
squares-fit of a synthetic spectrum and its components from
theoretical predictions.
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Table 2. Results from least squares fits to spectra
shown in Figs. 8 and 9, columns A and B,

respectively.

Parameters Spectrum A Spectrum B
Ti (keV) 32+£0.1 20.7+£0.3

Te (keV) 3.29 £0.04 8.2 £0.04
NLi/Nge 0.376 £0.012  0.260 £ 0.008
Npe/Nie 0.144 £0.013  0.018 £ 0.005
xa(multiplier)  1.59 £ 0.05 2.49 +0.08
ya(multiplier) 1.61 +0.04 1.80 £0.04
za(multiplier)  1.65 £ 0.04 2.29 £0.06

The synthetic spectrum consisted of more than 150 spectral
lines, which included the main helium-like lines, w: 152180-
152p1P1, x:1s2150-152p3P2, y:lszlso—ls2p3P1, z: 1521So-ls2p
3S and the dielectronic and innershell excited satellites 1s2pnl-
1s2nl with n=2—6 [28]. The numerous dielectronic satellites
with n > 3 merge with the resonance line w, so that they can-
not be resolved even when the ion temperature is low, e.g., in
the range of 1-2 keV. Since the intensity of dielectronic satel-
lites decreases with n as n=3, the contributions from satellites
with n > 6 should be negligible. The results obtained from the
least-squares fit of the spectra in Figs. 8 and 9 are given in the
Table 2. The fact that the least squares fit value for the elec-
tron temperature, obtained by comparing the predicted inten-
sity ratios for the dielectronic satellites and the resonance line w
with the experimental data, was in excellent agreement with the
central electron temperature of the radial electron-temperature
profile obtained from Thomson scattering measurements (see
Fig. 10) provided convincing evidence that the synthetic spec-
trum included, and indeed all the essential features [27]. It also
indicated that the Fe XXV satellite spectra were predominantly
emitted from the hot center of the plasma, so that the least-
squares fit value for the ion temperature could also be consid-
ered to represent the central ion temperature. Further corrobo-
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Fig. 10. Radial electron temperature profile measured by
Thomson scattering, from the same discharge as in Fig. 7.
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rating evidence for this conclusion was obtained from the fact
that the ion-temperature result from the crystal spectrometer
also agreed with the central value of the ion-temperature profile
measured by the charge exchange spectroscopy [29]. It should
be mentioned that the analysis of the charge-exchange spectra
from plasmas with powerful neutral beam injection was also
not without intricacies, since the observed spectral line profile
consisted of two Doppler shifted components that originated
from the center and edge of the plasma and since the intensity
of the component from the center of the plasma that was used
for the measurement of the central ion temperature became rel-
atively weak as the plasma density increased with the injected
total neutral beam power. We conclude from these experiments
that detailed knowledge of all the spectral features and exci-
tation processes will also be absolutely necessary for reliable
measurements of the ion temperature on ITER.

3. Intercombination and forbidden lines

Gabriel and Jordan [30] first pointed out that the intensity
ratios of the ISO-ZSPLZ intercombination lines (X, y), the 1Sp-
238, forbidden line (z), and the 1S¢-2!P; resonance line (w) of
helium-like ions should be density sensitive (therefore usable as
an electron density diagnostic) when the rates for a de-excitation
by electron collisions are comparable to the radiative transition
rates for the n = 2 triplet states. Since the radiative transition
rates for these states vary strongly with the atomic number Z
(see Table 3), the latter condition is fulfilled in density regimes
that are specific for each ion. Following McWhirter [32], we
illustrate the density dependence of the helium-like line inten-
sities in Fig. 11 using O VII as an example. We distinguish
regimes of ‘very high’, ‘high’, ‘intermediate’, and ‘low’ den-
sity. At very high densities (not shown in Fig. 11), the electron
collision rates exceed the fastest radiative transition rate so that
no line radiation can be observed, and all levels are populated
according to the Saha—Boltzmann equation. In the high den-
sity regime the singlet levels (except the 2!S) decay radiatively
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Table 3. Rates for radiative transitions from the n = 2 levels of helium-like ions in s~!. New version: Lin-Dalgarno-

table.doc. Ref. 31.

Element (Atomic Number 2 'P;-1'Sy(E1) 23P;-1'Sq (E1) 23P,-1'So (M2) 23P,-23S, (E1)  238,-1'Sy (M1)
Z)

0®) 3.30(12) 5.56(8) 33305) 831(7) 1.06(3)

Mg (12) 1.95(13) 3.40(10) 1.06(7) 1.52(8) 7.33(4)

Si (14) 3.76(13) 1.58(11) 3.89(7) 2.00(8) 3.61(5)

Ar (18) 1.07(14) 1.82(12) 3.16(8) 3.61(8) 4.80(6)

Ti (22) 2.41(14) 1.06(13) 1.66(9) 7.07(8) 3.76(7)

Fe (26) 4.59(14) 4.26(13) 6.55(9) 1.47(9) 2.08(8)

Ni (28) 6.06(14) 7.49(13) 1.20(10) 2.17(9) 4.45(8)

Fig. 11. Density dependence of helium-like lines of O VII from
ref. 32.
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and the 'So-!P; line can be observed, while the triplet levels
are subject to collisional transfer to levels that can radiate or
which can be ionized. In the intermediate density regime the
intercombination transition, 1!S(-23P; (spectral line y), is the
most probable decay route for the metastable level 23Sy, since
the 2°P levels are rapidly populated from the 23S level by col-
lisions, which also ensure that the sublevels 2 3Po, 23P1, and
23P, are statistically populated. At somewhat lower densities,
the 1'S¢-23P, magnetic quadrupole transition (line x) also con-
tributes to this decay mechanism. In the case of OVII, the 23p 1
and 23P, levels are, however, so close that the lines y and x
cannot be resolved. At still lower densities, the metastable sin-
glet level 2'S has a greater probability to decay by two—Photon
emission than by collisions to the Ip, level, so that the 1! S-1P;
line becomes relatively weaker. Finally at even lower densities,
the relativistic magnetic dipole transition 1'So-23S; level (the
forbidden line z) can be observed.

The collision rate coefficients used to construct Fig. 11 were
obtained by Bely [33] and Burgess [34], using the Coulomb—
Born—Oppenheimer approximation. These early theoretical cal-
culations suffer from large uncertainties and also neglect im-
portant mechanisms, such as the population of the higher 1snl
levels (with n > 2) by collisions from the 152150 helium-like
ground state (or by the recombination of hydrogen-like ions)
followed by cascading to the helium-like n = 2 levels and the
population of the 1s2s helium-like state by innershell ionization
of the lithium-like 1s>2s ground state. Figure 11 gives, there-
fore, only a qualitative picture of the density dependence of the
helium-like lines. More complete and more accurate excitation
rate coefficients for the n = 2 levels of helium-like ions were
given by Keenan et al. [35]. This paper contains interpolated re-

Fig. 12. Experimental values and theoretical predictions for the
R and G ratios for the Si XIII helium-like lines as functions of
electron density and temperature, respectively, from ref. 37.
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sults for a number of He-like ions and employed R-matrix data
(Burke and Robb [36]) for the interpolation. The data given in
ref. 35 also include effects of cascading.

The ratios, R = z/x +y and G = x + y + z/w, are con-
venient expressions to describe the density and temperature
sensitivity of the helium-like lines, and these expressions are,
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Fig. 13. Experimental values and theoretical predictions for the
R and G ratios for the Mg XI helium-like lines as functions of
electron density and temperature, respectively, from ref. 38.
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therefore, commonly used for the diagnosis of the electron den-
sity and electron temperature in stellar atmospheres and laser-
produced plasmas. The R and G ratios are less important for the
diagnosis of tokamak plasmas, where the electron density and
electron temperature are usually determined by Thomson scat-
tering and other independent methods. Yet because of the fact
that tokamak plasmas are well diagnosed and well reproducible,
they represent an ideal environment for tests of theoretical pre-
dictions. Tokamak experiments are often also equipped with
high-resolution X-ray crystal spectrometers for Doppler mea-
surements of the ion temperature and plasma rotation veloc-
ity. These instruments provide spectral data with well-resolved
spectral features. In this section, we review the results from
measurements of the intensity ratios of the helium-like lines w,
X, y, and z in various tokamak experiments.

Keenan et al. investigated the spectra of helium-like Si XIII
[37] and Mg X1 [38] on the DITE tokamak and compared their
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Fig. 14. Observed satellite spectra of Ti XXI (points) and
calculated synthetic spectra (continuous line) from a JIPP-T-II-U
plasma with Ohmic heating and neon puffing. Note the strong
enhancement of the intercombination lines (x, y) near channel
200.
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experimental results for the R and G ratios with predictions
derived from new R-matrix code calculations of the electron
impact excitation rates for the helium-like lines [36, 35]. Fig-
ures 12 and 13 show their results. The authors concluded that
their experimental data are in good to excellent agreement with
the theoretical predictions, since the discrepancies are typically
8% in R and 5% in G for Si XIII and 3% in R and 9% in G
for Mg XI. We note that these results from DITE are excep-
tional, since in all other tokamak experiments the ratios of the
helium-like lines were found to be higher than predicted.

Kato et al. [39] recorded time-resolved Ti XXI-Ti XIX line
spectra from a plasma with Ohmic heating and neon puffing on
JIPP-T-II-U tokamak with a high-resolution crystal spectrom-
eter and used a collisional radiative model, which included the
cascade contributions from highly excited states as well as re-
combination processes, to analyze the observed spectra. The
line ratios x/w and y/w were always found to be more than
twice as large as the theoretical predictions. However, the ex-
perimental data for z/w were in good agreement with calcu-
lations when the innershell ionization of Li-Like ions was in-
cluded. Figure 14a shows an observed spectrum (dots) from
an ohmically heated plasma with neon puffing and a calcu-
lated synthetic spectrum (continuous lines), where the hatched
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Fig. 15. Example of (a) an observed Ti XXI satellite spectrum from TFTR and contributions from various spectral components: (b) the
helium-like lines (c¢) dielectronic satellites, and (d) innershell collisionally excited lithium-like satellites, which were obtained from a
least-squares fit of a synthetic spectrum. The cross-hatched areas under x, y, and z represent the contributions predicted for electron-
impact excitation from the helium-like ground state. The dotted areas under x, y, and z represent the least squares fit of an enhancement
factor, with respect to electron impact excitation, to the experimental data.
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area represents the contribution from innershell ionization. Fig-
ure 14b shows a more elaborate synthetic spectrum, which also
takes into account the charge exchange contributions (hatched
areas) between Ti XXII and neon to simulate the spectrum in
Fig. 14a. The calculations of this synthetic spectrum are, how-
ever, based on assumptions about a ‘charge-averaged’ charge
exchange recombination coefficient, the relative abundance of
hydrogen- and helium-like titanium ions, n(H)/n(He), and the
ratio of the neon and electron densities, nne/ne.. We note that
the latter quantities were not determined from measurements.

Spectra of Ti XXI-Ti XX were also observed by Bitter et al.
[40] from TFTR tokamak plasmas with a crystal spectrometer
of very high spectral resolution (AAX = 25 000). The data were
analyzed by least-squares fits of synthetic spectra constructed
from theoretical predictions. Figure 15a shows an example of
the Ti XXI-Ti XX spectra from TFTR, and Fig. 15b and Fig. 15¢
show contributions from the various components, which were
determined from a least-squares fit of a synthetic spectrum to the
experimental data. The dielectronic and innershell collisionally
excited lithium-like satellite features were found to be in excel-
lent agreement with the theoretical predictions (see Figs. 15¢
and d), but the intensities of the helium-like lines x, y, and z
were much higher than the contributions predicted for direct
electron-impact excitation from the ground state (see Fig. 150).
Figure 16 presents the experimental values for the intensity ra-
tios x/w, y/w, and z/w of the Ti XXI spectra from TFTR as
a function of the electron temperature for different minor and
major plasma radii together with the theoretical predictions for
direct electron impact excitation from the ground state and elec-
tron impact excitation to levels withn > 2 including cascading.
The intensity ratios observed at low electron temperatures are
significantly higher than the theoretical predictions.

We also mention the measurements of the satellite spectra
of helium-like nickel on JET [41] and TFTR [42]. The X-ray
crystal spectrometer on JET covered a narrow wavelength range
1.585t01.595 10\, which included the helium-like lines w and x,
whereas the X-ray crystal spectrometer on TFTR covered the
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range from 1.585 to 1.6100 A, which also included the helium-
like lines y and z. However, because of the Z-dependent wave-
length shift of the helium-like lines, the lines y and z in the
spectrum of Ni XXVII are blended with the lithium-like and
beryllium-like satellites q and B, respectively, so that the inten-
sity of the helium-like lines y and z must be determined from
a least-squares fit of a synthetic spectrum that contains all the
spectral features. Figure 17 shows the experimental data for
x/w from a large variety of JET plasmas as a function of the
electron temperature and for comparison the theoretical predic-
tions for two extreme cases of the electron density and electron
temperature profiles. The experimental values for x/w are well
above both these theoretical predictions. Contrary to the mea-
surements presented in [41], which covered a large variety of
plasma discharges, the measurements on TFTR [42] were per-
formed on a series of 50 discharges with purely Ohmic heating.
These plasmas had nearly identical, fairly flat electron density
and electron temperature profiles. However, the peak electron
density decreased and the peak electron temperature increased
from discharge to discharge. Figure 18 shows the experimental
values for the intensity ratios of x/w, y/w, and z/w in Ni XXVII,
which were obtained from these TFTR plasmas as a function
of the peak electron temperature. The error bars represent the
uncertainties of these line ratios, which were obtained from the
least-squares fit analysis. The continuous lines represent theo-
retical predictions, where the uppermost line is always the total
of the contributions from different excitation processes, which
include electron impact excitation of Ni XXVII, recombination
of Ni XXVIII, and innershell ionization of Ni XXVI. We infer
from Fig. 18 that the experimental values for all three line ratios
are above the theoretical predictions with the largest deviations
occurring at low electron temperatures, which is reminiscent of
the Ti XXI results from TFTR shown in Fig. 16.

For completeness we also present results from recent ob-
servations of charge exchange recombination on NSTX [43].
Figure 19 shows a sequence of three spectra of helium-like
argon, which were recorded from a NSTX plasma discharge
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Fig. 16. Observed intensity ratios x/w, y/w, and z/w as a function
of the central electron temperature for different minor and major
plasma radii. Also shown are the theoretical predictions for direct
electron impact excitation from the ground state (continuous lines)
and electron impact excitation to levels with n > 2 including
cascading (broken lines).
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Fig. 17. Line ratio x/w for Ni XXVII from JET as a function of
the central electron temperature, ref. 42.
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during the period from 210 to 250 ms with a time resolution
of 10 ms. During the time interval from 220 to 230 ms, a short
neutral hydrogen beam pulse was injected into the plasma for
diagnostic purposes. The spectra that were obtained during the
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Fig. 18. Line ratios x/w, y/w, and z/w for Ni XXVII from TFTR
as a function of the central electron temperature, from ref. 43.
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time intervals from 210 to 220 ms and from 240 to 250 ms, in
Figs. 19a and 19c¢, show in addition to the helium-like lines w,
X, ¥, and z the typical dielectronic and innershell collisionally
excited lithium-like satellites, whereas the spectrum in Fig. 195,
which was obtained during the injection of the neutral hydro-
gen beam pulse, shows only the helium-like lines w, x, y, and
z. This neutral-beam pulse changed the ionization balance in
the plasma dramatically by charge exchange recombination. In
fact, the helium-like and lithium-like charge states, which are
needed to produce the satellite spectra, must have disappeared
during the injection of the neutral hydrogen beam pulse, and
the helium-like lines w, X, y, and z must have been produced
by charge-exchange of hydrogen-like argon ions with the in-
jected neutral hydrogen. In the spectrum shown in Fig. 190, the
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Fig. 19. Sequence of three spectra of helium-like Ar XVII from
NSTX. The spectra were recorded during the period from 210 to
250 ms of a discharge with a time resolution of 10 ms. A short
neutral hydrogen beam pulse was injected during the time interval
from 220 to 230 ms.
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lines x, y, and z are stronger than the line w. We may there-
fore conclude that the line ratios x/w, y/w, and z/w will be
enhanced if recombination effects are important. We point out
that the sightline of the X-ray crystal spectrometer on NSTX
crossed the direction of the neutral beam, so that the line emis-
sion by charge-exchange recombination with the energetic (up
to 40 keV/amu) neutral hydrogen beam could be directly ob-
served. The charge-transfer population of the high-n levels in
Art16 from normal hydrogen in the ground and excited states
in the periphery of Alcator C-Mod plasmas had been previously
observed by Rice et al. [44].

4. Electron beam ion trap measurements

The tokamak measurements of the higher-Z helium-like spec-
tra raise the question of the correctness of the theoretical atomic
data. A series of measurements were performed at the electron
beam ion trap (EBIT) facility at Livermore to address this ques-
tion. This series included measurements of the electron-impact
excitation cross-sections, of the contributions from resonance
excitation and radiative cascades, of the dielectronic satellite
line resonance strengths, and of the contributions from inner-
shell ionization.

Measurements of the electron-impact excitation cross-sections
of the w, x, y, and z lines of Ti XXI performed on one of the
Livermore electron beam ion traps over a wide range of elec-
tron energies were reported by Chantrenne et al. [45]. These
measurements included resonance excitation and radiative cas-
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Fig. 20. Comparison of measured and calculated values of

the G ratio of the triplet lines (x+y+z) to the singlet line w in
helium-like Ti XXI as a function of electron temperature. The
calculated values are from [40]. The measured values are from the
Livermore EBITs. (Adapted from ref. 47.)
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cades, and thus provided a comprehensive test of atomic theory.
The measurements are described elsewhere in this volume [46],
and we only briefly mention that the agreement with theory was
very good, i.e., typically better than 10% and thus within the un-
certainty of the absolute calibration. Differences larger than this
were only obtained for line z, which was measured to be about
20% larger than predicted. By contrast, the above-threshold res-
onances contributing to the lines were found to be somewhat
overpredicted by theory [47].

Because the Ti XXI cross-sections were measured over a
wide range of energies, the EBIT measurements could be used
to calculate the excitation rate coefficient for each line as a func-
tion of temperature [45]. A comparison between the G ratio in-
ferred from the EBIT measurements [47] and those calculated
by the theory used to compare with the TFTR results in [40]
is shown in Fig. 20. The agreement between the EBIT results
and theory is very good, even at the lowest electron tempera-
tures where the TFTR data, by contrast, differed markedly from
theory. Additional cross-section measurements of the lines in
helium-like V XXII, Cr XXIII, Mn XXIV, and Fe XXV per-
formed with the Livermore electron beam ion traps also found
very good agreement with atomic theory [48].

Measurements of the dielectronic satellites contributing to
the spectra of the helium-like ions have also been conducted
[49-51]. Most important for the helium-like lines is to make
sure that any blends with dielectronic satellite lines are correctly
accounted for, especially as these satellites increase their rela-
tive strength at the lowest temperature where the discrepancies
with theory were found to be largest. Good agreement between
the measurements and theory has been found. This agreement
includes the strength of the dielectronic satellites with a high-
n (n > 3) spectator electron. As noted above, these satellites
merge with the 1s-2p resonance line w and to a lesser extent
with the intercombination line y, as illustrated in Figs. 8 and
9. Measurements at the Livermore EBITs have resolved these
satellites [52], as shown in Fig. 21, and found agreement with
theory to within 10% [53]. This good agreement with theory
excludes that blending with unknown satellites can explain the
puzzling results observed on tokamaks.
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Fig. 21. Contributions of the dielectronic satellite transitions to
the spectrum of Fe XXV. Top: Fe XXV spectrum measured on
the Livermore EBIT facility at an electron energy above threshold
for electron-impact excitation. Bottom: measured contributions

of the high-n dielectronic satellite transitions with n=3, 4, 5, and
n=>6
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Fig. 22. Fe XXV spectrum from the Livermore EBIT with
(broken line) and without (continuous line) strong innershell
ionization contribution. The experimental conditions for both
spectra are the same, except that the ionization balance was
adjusted to produce a lot (broken line) and a small (continuous
line) fraction of lithiumlike iron, as indicated by the intensity of
the Fe XXIV resonance line q.
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Since at low electron temperatures, where the discrepancy
between tokamak data and theory is largest, a large fraction of
the ions is in the lithium-like charge state, one may assume that
innershell ionization of lithium-like ions may excite the helium-
like lines. This process, 1s22s + e-— 1s2s + 2e-, however,
only leads to the excitation of line z, as illustrated in Fig. 22
[54, 55]. Lines x and y do not get enhanced by this process.
Measurements of the cross-sections for this process using the
Livermore EBITs agree very well with theory [56]. Moreover,
the energy needed to ionize the 1s electron is very high (and
close to the energy needed to make hydrogen-like ions). At
low electron temperature there are very few electrons with the
required energy and this process is slow.
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Fig. 23. Fe XXV spectrum from the Livermore EBIT for an
energy scan of the electron beam from 5600 to 8500 eV. In this
energy range only the helium-like lines w, x, y, z, and the n > 3
dielectronic satellites are excited.
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Fig. 24. Fe XXV spectrum from the Livermore EBIT for an
energy scan of the electron beam from 4700 to 8500 eV. In this
energy range only the helium-like lines w, X, y, z, and all the
satellites with the n > 2 are excited.
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Another process that might enhance the intensity of the helium-
like lines when a large fraction of the ions is in the lithium-like
charge state was proposed by Kim.3Here, the upper levels of
the helium-like lines might be ipopulated by excitation from
the lithium-like ground state, 1s2s, to the metastable lithium-
like state 1s2s2p *Ps 2 and the subsequent ionization of this
metastable state to 1s2s and 1s2p. This process requires much
less energy than the innershell ionization process described ear-
lier, because the binding energy of the 2s or 2p electron is much
less than that of the 1s electron. However, the process was not
predicted to be likely to occur because despite its relatively
long-lived nature, the metastable lithium-like state 1s2s2p*Ps 2
was predicted to decay both by autoionization and by X-ray
emission before ionization of one of the n = 2 electrons could
occur.

3Y.-K. Kim. Private communication. 1985.
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Fig. 25. Overlay of the two spectra from Figs. 18 and 19. The
spectra have been normalized to each other, using the line w.
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To further investigate the importance of the process suggested
by Yong-Ki Kim, two experiments were conducted at the EBITs
in Livermore, using the spectra of helium-like iron Fe XXV as
an example. In the first experiment, the energy of the electron
beam was varied from 5600 to 8500 eV, so that only the helium-
like lines w, X, y, z, and the dielectronic satellites 1s2lnl’ with
n > 3 could be excited (see Fig. 23). In the second experi-
ment, the energy of the electron beam was varied from 4700
to 8500 eV, so that the helium-like lines w, x, y, z, and all
the associated dielectronic and innershell collisionally excited
satellites 1s2Inl’ with n > 2 could be observed (see Fig. 24).
Here, the electron beam was kept at the energy of 4700 eV for
an extended period of time to enhance the density of ions in the
lithium-like ground state. An overlay of the spectra obtained
from these two experiments is shown in Fig. 25. We note that
the intensities of the helium-like lines are essentially the same in
both spectra, even though the intensity of satellite q, which was
produced by innershell excitation from the lithium-like ground
state and which is therefore a measure of the concentration of
the lithium-like ions, was very high in the spectrum obtained
from the second experiment. We must therefore conclude that
the mechanism proposed by Yong-Ki Kim does not play an im-
portant role for the excitation of the helium-like lines, at least
not for iron and the densities of EBIT plasmas. We should note
that the direct X-ray decay of the metastable lithium-like state
152s2p*Ps /2 has now been detected in the collisional satellite
spectrum of Ar XVII both at the Livermore EBIT and the Prince-
ton NSTX spherical torus [57], making it less plausible that this
state can play a role in enhancing lines x, y, and z.

5. Discussion

We reiterate that in all tokamak experiments except for the
DITE experiments, where the R and G ratios were in good or
excellent agreement with the theoretical predictions, the line
ratios x/w, y/w, and z/w were found to be significantly higher
than predicted, yet at the same time EBIT measurements re-
vealed no comparable discrepancies with theory. Keenan et al.
point out that their results are applicable only when the atomic
processes in the plasma are appropriate to the core region where
ion diffusive time scales are long compared to the time to reach
ionization equilibrium [38]. This comment may yield the key
to a solution of the riddle posed by the disparate results from
various tokamak experiments, since it is questionable that the
above mentioned conditions were fulfilled in all tokamak exper-
iments. In ref. 37, Keenan et al. explored the radial dependence
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of the emissivity for the helium-like Si XIII lines, showing spec-
tra from different radial chords that were obtained by a radial
scan of their spectrometer. They observed an enhancement of
the line z over the line w in the cooler outer regions of the
plasma, which they ascribed to the recombination of hydrogen-
like ions that were moved from the core to the outer regions of
the plasma by radial transport. Such an enhancement of the line
z on outer radial chords was also observed on Alcator C-Mod
[58]. From an examination of the emission profiles, they con-
cluded that almost all the Si XIII line emission was from the
central part of the DITE plasmas and that ‘the R and G ratios
could be measured from a central-chord integrated signal alone’
[34]. It seems that all other tokamak experiments were based on
the same conclusion, however, without a proper justification by
profile measurements as in the case to the DITE experiments.
Fortunately, there is hope that new instrumental developments
will soon improve the state of the art in the X-ray spectroscopy
of extended tokamak-like fusion plasmas. These new develop-
ments, which are briefly described in the following section, will
provide us with better tools to address the complexity of atomic
processes in tokamak plasmas.

6. Recent advances in the X-ray
spectroscopy of tokamak plasmas

The spectra of highly charged ions in tokamak plasmas have
up to now been observed with single-chord X-ray crystal spec-
trometers, which provided data from only a single, usually a
central, sightline through the plasma. In a few tokamak exper-
iments, information on the radial profiles of line emissivities
was obtained by moving a single-chord spectrometer to differ-
ent radial positions between discharges and keeping the plasma
parameters from discharge to discharge as constant as possible.
Also, radial arrays of several (up to five) single-chord spectrom-
eters were occasionally used, as on TFTR and Alcator C-Mod.
However, with both methods one could get only coarse infor-
mation on the radial profiles of the line emissivities, so that it
was generally not possible to determine the contributions from
the various processes of line excitation with sufficient accuracy.
This situation has now changed thanks to the advent of a new
type of X-ray imaging crystal spectrometer, which can provide
spatially resolved spectra from a large number of sightlines
through the plasma simultaneously with a time resolution of
a few milliseconds. The spectrometer consists of a spherically
bent crystal and a two-dimensional position-sensitive detector;
the working principle and results from a proof-of-principle ex-
periment on Alcator C-Mod are described in refs. 59 and 60.
Recently, a new X-ray imaging crystal spectrometer, which is
equipped with new pixellated semiconductor detectors of a very
high photon count rate capability of 1 MHz per pixel, has been
installed on Alcator C-Mod*. The spectrometer records spectra
from the entire height (72 cm) of the elongated plasma cross-
section with a spatial resolution in the plasma of about 1 cm.
Figure 26 shows a surface plot of spatially resolved helium-like

4The X-ray imaging crystal spectrometer on Alcator C-Mod was built
in collaboration with J.E. Rice and A. Ince-Cuhman from the Mas-
sachusetts Institute of Technology and M. Bitter and K.W. Hill from
the Princeton Plasma Physics Laboratory. It has been in operation
since April 2007. The instrumental details will be described in a forth-
coming paper.
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Fig. 26. Surface plot of spatially resolved Ar XVII from Alcator
C-Mod. The spectra were recently obtained with a new X-ray
imaging crystal spectrometer (see ref. 47).
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argon spectra, which were obtained from an Alcator C-Mod
tokamak discharge with this new instrument. We infer from
Fig. 26 that the spectra from the central part and the outer re-
gions of the plasma are distinctly different. The spectra that
are emitted from the central region of the plasma consist of the
helium-like argon lines and the associated lithium-like satel-
lites, whereas the spectra emitted from the colder edge region
of the plasma consist only of the four helium-like argon lines
W, X, y, and z, of which the line z is the strongest and the line
w the weakest feature. The helium-like lines in the outer re-
gion of the plasma must have been produced by recombination
of hydrogen-like argon ions. Since the electron density of Al-
cator C-Mod plasmas is a factor of about 10 higher than in
other tokamak experiments, one would expect the ion charge
state distribution to be close to coronal equilibrium. To find
hydrogen-like argon ions far out in the cold edge region of Al-
cator C-Mod plasmas was therefore a rather unexpected obser-
vation. We are presently developing an algorithm to determine
the local line emissivities by an inversion of the line-integrated
spectral data shown in Fig. 26. The algorithm applies to elon-
gated (bean-shaped) plasma cross-sections and can be consid-
ered as an expansion of the Abel inversion, which applies to a
circular plasma cross-section. One of our next projects will be
to reevaluate the helium-like satellite spectra and the line ratios
x/w, y/w, and z/w as a function of the minor plasma radius.
These data should provide the most definitive tests yet of the
correctness of the modeling of tokamak spectra.
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